BACKGROUND: Prothrombin complex concentrates (PCCs), which contain different coagulation proteins, are attractive alternatives to the standard methods to treat dilution-induced (and, generally, traumatic) coagulopathy. We investigated the ability of a novel PCC composition to restore normal thrombin generation in diluted blood. The performance of the proposed PCC composition (coagulation factors [F] II, IX, and X and the anticoagulant antithrombin), designated PCC-AT, was compared with that of FVIIa and PCC-FVII, which is the PCC composition containing FII, FVII, FIX, and FX (main components of most PCCs).
P
athologic conditions, such as trauma, and medical procedures, such as surgery, can lead to the onset of dilutioninduced and consumption coagulopathy, which are manifested through a decrease in plasma concentrations of the proteins constituting the biochemical blood coagulation network. 1, 2 Current approaches to treat coagulopathy are typically aimed at increasing the levels of functional coagulation proteins in the bloodstream. 3 Combinations of purified clotting factors, termed prothrombin complex concentrates (PCCs), may prove efficacious in the treatment of traumatic and surgical bleeding. 4 They could be attractive alternatives to both the frequently used approach based on the use of fresh-frozen plasma (FFP) and a recently emerged approach involving the use of recombinant activated factor VII (rFVIIa), a high-profile therapeutic whose properties need further investigation. 5Y7 Yet, the possibility of thromboembolic complications induced by PCC use 8, 9 warrants further studies of their effects on hemostasis. A question that arises naturally is that of optimal PCC composition: what combination of clotting factors is necessary and sufficient to guarantee nearly normal blood coagulation, even when the concentrations of other clotting factors are substantially decreased? Here, we propose and analyze a PCC composition that, when added to diluted blood, may accurately restore the thrombin generation curve to its shape observed for normal (i.e., undiluted) blood.
The generation of thrombin, a central component of the biochemical blood coagulation network, 10 is triggered when blood from a damaged vessel comes into contact with tissue factor (TF), a protein expressed on the surface of TF-bearing cells that are exposed to blood at the site of vascular injury. the timing parameters, whereas the last two parameters are the amount parameters. 7 The ability of a hemostatic agent to restore thrombin generation can thus be assessed by its ability to restore normal values of these five parameters.
The main constituents of existing PCCs are the four coagulation factors (F) II (prothrombin), FVII, FIX, and FX. 3 Notably, FVII inhibits thrombin generation by competing with its own activated form, FVIIa, for binding with TF. 12 The reported possibility of thromboembolic complications during PCC use 8, 9 implies that the action of standard PCCs may be intrinsically unbalanced because of the dominant procoagulant effects of FII, FIX, and FX. Experimental evidence indicates that antithrombin (AT), which deactivates thrombin by direct binding, may be the most potent of the natural anticoagulant mechanisms. 13, 14 We thus hypothesized that replacing FVII with AT might result in a more balanced PCC action and, therefore, a more accurate restoration of normal thrombin generation in human subjects. We tested this hypothesis by performing a computational analysis in which we used a computational kinetic model of in vitro thrombin accumulation to generate and analyze thrombin curves for the 472 control subjects in the Leiden Thrombophilia Study (LETS). 15 The computational model has been thoroughly validated and demonstrated reasonable accuracy when benchmarked against experimental data. 7, 16, 17 For each subject, we compared and contrasted the action of three therapeutic agents: FVIIa, PCC-FVII (a combination of FII, FVII, FIX, and FX), and PCC-AT (a combination of FII, FIX, FX, and AT).
METHODS

Mathematical Modeling
We performed a computational analysis of an experimental data set collected in the course of the previously published LETS 15 (thus, no institutional review board approval/ patient consent was needed). LETS is a large-scale case-control study focused on assessing the importance of the various thrombosis risk factors. Our data set consisted of coagulation factor measurements for 472 healthy subjects constituting the LETS control group. (Of the 474 healthy control subjects LETS, coagulation factor measurements were available for 472 individuals, because one of the subjects was receiving warfarin and was excluded, and for another subject, no TF pathway inhibitor-level measurements were available.) For each subject, we used the updated version 18 of the kinetic model developed in Kenneth Mann's laboratory 13 to generate and analyze thrombin curves in normal (i.e., undiluted) blood, diluted (i.e., pretreatment) blood, and posttreatment blood (i.e., diluted blood supplemented with therapeutic agents). We also performed an analysis for the ''average'' subject, that is, a subject whose normal coagulation factor levels are equal to the corresponding average values in human plasma. 13 The model simulates thrombin generation in plasma under the assumption that platelets are fully activated. The model was implemented in the SimBiology toolbox of the MATLAB software suite (MathWorks, Natick, MA) as described in Mitrophanov and Reifman; 7 all computations were performed in MATLAB 2010b. The generation and analysis of thrombin curves were carried out as described in Mitrophanov and Reifman. 7 Blood dilution in the model was intended to reflect the dilution of coagulation factors driven primarily by resuscitation fluid infusion. Existing evidence suggests that the most realistic representation of blood dilution in vivo is an unequal dilution model, where the degrees of dilution for different coagulation proteins are different. 5, 19, 20 Unequal dilution may be attributed to complex interactions of different coagulation factors with the vasculature during dilution. 21 We thus used an unequal dilution model based on an in vivo porcine experimental study that resulted in induced coagulopathy. 19 In our model, blood dilution was effected by multiplying the initial concentrations of clotting factors by the dilution factors shown in Supplemental Digital Content 1 (http://links.lww.com/TA/A131). Simulated supplementation of diluted blood with FVIIa in the model was effected by increasing the initial FVIIa concentration by 40 nmol/L (which approximately corresponds to 90 Kg/kg body weight, a standard therapeutic dose for rFVIIa) or by a smaller amount. Simulated supplementation of diluted blood with PCC-FVII and PCC-AT in each subject was effected by setting the initial concentrations of the corresponding PCC components to their normal (final) values in that subject. Our computational model does not contain the necessary modules to map PCC component concentrations before PCC is added to diluted blood to their final concentrations after PCC addition. However, existing evidence demonstrates that it is possible to choose presupplementation PCC component concentrations that would give the desired PCC component normalization in vivo. 5, 6 The concentration of TF (which initiates thrombin generation in the model) was not affected by dilution and was equal to 5 pmol/L, a standard value used in in vitro studies. 7, 16 Thrombin curves were generated during a 40-minute time interval.
Statistical Analysis
Differences between distributions were tested using the two-sided Wilcoxon signed rank test. The propensity of various effects at the subject level was characterized quantitatively by estimating their probabilities, that is, calculating the fractions (or percentages) of subjects for whom the effect was detected. The standard error (SE) in the estimation of the probabilities was calculated as follows: SE = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi qð1jqÞ=N p , where q is the probability estimate and N = 472 is the subject group size. 22 Note that SE = 0 when q equals 0 or 1; when this was the case, the SE was omitted in the text.
RESULTS
Because our results were obtained computationally, blood dilution and therapeutic supplementation described below correspond to simulated results. No actual blood products were used.
Correction of Thrombin Generation in the ''Average'' Subject
To perform an initial comparison of the therapeutic agents considered in this study, we calculated their effects on thrombin generation in the ''average''subject. Diluted blood in the ''average''subject was supplemented with FVIIa at different concentrations ranging from 0.10 nmol/L (average concentration in normal blood plasma) to 40 nmol/L ( Fig. 2A) . Although FVIIa could improve thrombin generation parameters affected by dilution, its action did not produce a thrombin curve that would be close to the thrombin curve in normal blood. Indeed, when 0.10 nmol/L FVIIa was added, PH was only 67.04% of the normal value, but PT was already smaller than its value in normal blood. Further increases in the FVIIa concentration resulted in further improvements in PH (which, even for 40-nmol/L added FVIIa, was still lower than its normal value), but the timing of thrombin generation was considerably accelerated compared with normal blood (Fig. 2A) .
Supplementation of diluted blood with PCC-FVII led to a rather accurate restoration of some of the timing parameters of the thrombin generation curve (Fig. 2B) . Indeed, the differences between CT and PT for normal blood and posttreatment blood were 13.28% and 15.68%, respectively. For MS, Figure 2 . Action of the therapeutics on diluted blood in the ''average'' subject. ''Diluted'' blood designates pretreatment blood. A, Diluted blood was supplemented with coagulation factor (F)VIIa at various concentrations (green curves). The incremental character of the curves corresponding to nonincremental FVIIa doses seems to result from the FVIIa saturation effect. B, Diluted blood was supplemented with PCC-FVII or PCC-AT (see Methods for the supplementation scenario). ; diluted blood versus posttreatment blood, p = 0.01 for PT when diluted blood was supplemented with PCC-FVII, and p G 1.0 Â 10 j78 in all other cases.
this difference was 49.18%. Both PH and AUC in posttreatment blood substantially exceeded their values in normal blood (Fig. 2B) . Taken together, these results indicate that the overall action of PCC-FVII biases thrombin generation toward a prothrombotic state. In contrast, the addition of PCC-AT to diluted blood resulted in an accurate restoration of the full thrombin generation curve (Fig. 2B ).
Therapeutic Modulation of the Thrombin Generation Parameters in the Subject Group
The medians and interquartile ranges for the numerically simulated thrombin generation parameters for normal, diluted, and posttreatment blood in the subject group are shown in Table 1 . We focused on the comparisons between normal and dilutedblood (i.e., pretreatment) groups and between diluted-blood Figure 3 . Distributions of therapeutic-induced differences for thrombin generation parameters in the study group. For each subject, the therapeutic-induced difference = [(parameter value in posttreatment blood) j (parameter value in diluted blood)] / (parameter value in diluted blood) Â 100%, where ''diluted'' blood designates pretreatment blood. Plots were generated using the MATLAB function HIST with 150 bins. The curves represent all 472 subjects in our study group: CT (A), PT (B), MS (C), PH (D), and AUC (E ). In the subplot for CT, the distribution for PCC-FVII almost coincided with that for PCC-AT. and posttreatment groups. Our results for the ''average'' subject ( Fig. 2) suggested that the ability of FVIIa to decrease CT and PT (i.e., to accelerate thrombin generation) in diluted blood generally exceeds that of PCC-FVII and PCC-AT. Indeed, this was confirmed for all subjects in our subject group (Fig. 3, A and B) . As a result of adding PCC-AT to diluted blood, PT decreased in all subjects, whereas PCC-FVII caused a decrease in PT in 52.12% (SE, 2.30%) of the subjects and an increase in PT in the rest of the subjects (Fig. 3B) . All three therapeutic strategies increased MS and PH in all subjects, with PCC-FVII inducing large changes in higher numbers of subjects compared with FVIIa and PCC-AT (Fig. 3, C and D) . In all of the subjects, the increase in PH induced by PCC-FVII exceeded 200% (with respect to the values in diluted blood; Fig. 3D ). Likewise, in 96.82% (SE, 0.81%) of the subjects, the increase in AUC induced by PCC-FVII exceeded 300% (Fig. 3E) . These results are in agreement with the significant increases in PH and AUC induced by PCC-FVII in the ''average'' subject (Fig. 2B) . The AUC was practically unaffected by FVIIa and PCC-AT (Fig. 3E) .
Correction of Thrombin Generation in the Subject Group
The median values and interquartile ranges for the absolute values of simulated normalization errors (i.e., the differences between the thrombin generation parameters in posttreatment blood and the corresponding values in normal blood) in the subject group are shown in Table 2 . Here we focused on the comparisons of posttreatment groups for different therapeutics. For all thrombin parameters, the absolute normalization errors were significantly smaller for PCC-AT than for FVIIa. When compared with PCC-FVII, PCC-AT yielded significantly smaller absolute normalization errors for PT, MS, PH, and AUC. For CT, the very similar medians and interquartile ranges suggested no significant differences between the effects of PCC-AT and PCC-FVII.
The absolute value of the CT and PT normalization errors for FVIIa exceeded~50% in all subjects, whereas both PCCbased strategies induced smaller normalization errors (Fig. 4, A  and B) . The magnitude (i.e., the absolute value) of CT normalization errors for PCC-treated and untreated diluted blood were comparable (Fig. 4A) . All other thrombin generation parameters were considerably closer to their normal values for PCC-ATYsupplemented diluted blood than for the other two therapeutic supplements and for supplement-free diluted blood. Indeed, the numbers of subjects with small normalization errors were higher for PCC-AT than for the other two therapeutics (Fig. 4, BYE) . The comparatively better ability of PCC-AT to restore normal thrombin generation was particularly well pronounced for MS and PH (Fig. 4, C and D) . Supplementation with FVIIa or PCC-AT resulted in AUC values very close to the normal values (Fig. 4E) . In contrast, supplementation with PCC-FVII resulted in AUC values much larger than normal in most subjects (Fig. 4E) , which was consistent with our results for the ''average'' subject (Fig. 2) .
The superior ability of PCC-AT to restore normal values of thrombin generation parameters was confirmed by a subjectlevel analysis. For each subject, we calculated the magnitudes of normalization errors for each of the three therapeutic strategies and each of the five thrombin generation parameters. For CT, these magnitudes were the smallest for PCC-AT-supplemented blood in 51.91% (SE, 2.30%) of the subjects. For PT, MS, PH, and AUC, the corresponding fractions were 98.31% (SE, 0.59%), 82.84% (SE, 1.74%), 93.64% (SE, 1.12%), and 100%, respectively.
Simultaneous Normalization of Thrombin Generation Parameters
Normal thrombin generation in coagulopathy cannot be fully restored unless several thrombin generation parameters are normalized simultaneously in the same subject. We calculated the probabilities of simultaneous normalization for three groups of parameters: the timing parameters, the amount parameters, and all five thrombin generation parameters. In those computations, a thrombin parameter in a subject was considered abnormal if it was more than 1.5-fold different from its normal value in the same subject. This threshold was chosen to make our results compatible and comparable with an operational definition of traumatic coagulopathy, according to which a patient is considered coagulopathic if his or her prothrombin time is 1.5-fold larger than normal. 1 On supplementation of diluted blood with PCC-AT, all thrombin generation parameters were normalized in all subjects. In contrast, none of the subjects whose diluted blood was supplemented with FVIIa or PCC-FVII had all of their thrombin generation parameters normalized. PCC-FVII was able to normalize all three timing parameters in 49.15% (SE, 2.30%) of the subject group but failed to simultaneously normalize the two amount parameters in any of the subjects. Factor VIIa normalized the amount parameters in all of the subjects and simultaneously normalized three thrombin parameters (MS, PH, and AUC) in 90.47% (SE, 1.35%) of the subjects. Yet, FVIIa could not simultaneously normalize all of the timing parameters in any of the subjects.
DISCUSSION
In our computations, all three considered therapeutics (FVIIa, PCC-FVII, and PCC-AT) could improve thrombin generation in diluted blood by counteracting the effects of dilution (Figs. 2 and 3 and Table 1 ). However, the high impact of FVIIa on the timing parameters (Fig. 3, A and B) tended to push them outside the normal ranges while leaving the amount parameters at levels somewhat below normal ( Figs. 2A and 4 and Table 1 ). In contrast, the use of PCC-FVII resulted in reasonably accurate normalization of the two timing parameters, CT and PT, whereas the remaining three parameters had values that were noticeably higher than normal (Figs. 2B and 4 and Table 1 ). PCC-AT was similar to PCC-FVII in its Figure 4 . Distributions of normalization errors for thrombin generation parameters in the study group. For each subject, normalization error = [(parameter value in diluted or posttreatment blood) j (parameter value in normal blood)] / (parameter value in normal blood) Â 100%, where ''diluted'' blood designates pretreatment blood. Plots were generated using the MATLAB function HIST with 150 bins. The curves represent all 472 subjects in our study group: CT (A), PT (B), MS (C ), PH (D), and AUC (E ). The distribution of AUC normalization errors for diluted blood with no therapeutic supplements coincided with that for diluted blood supplemented with FVIIa. ability to normalize CT ( Fig. 4A and Tables 1 and 2 ). For all other thrombin generation parameters considered independently, and for groups of parameters considered simultaneously, PCC-AT demonstrated a notably higher ability to normalize the parameters than FVIIa and PCC-FVII (Fig. 4 , BYE, and Tables 1 and 2 ). Our computational modeling results suggest a possible approach to testing the hypothesis about PCC-AT performance with real blood samples.
The normal function of the hemostatic system relies on the concerted action of its procoagulant and anticoagulant components to maintain a fine balance between hemorrhage and thrombosis. 23, 24 Because this balance is intrinsic to the biochemical thrombin generation network, we propose that the same principle of balanced action should be applied when designing a therapeutic strategy. The computationally predicted ability of PCC-AT to normalize all thrombin generation parameters may be attributed primarily to the balanced action of the constituting procoagulants (FII, FIX, and FX) and the powerful natural anticoagulant (AT). Notably, the four constituents of PCC-AT are the four most abundant (on the average) main proteins involved in thrombin generation in human blood plasma, with AT being the most abundant component. 13 Our results imply that these proteins are the central functional elements of the biochemical thrombin generation network, and having them at normal levels in the bloodstream may be sufficient for nearly normal thrombin generation.
In contrast, both FVIIa and PCC-FVII in our computations acted as strong procoagulants, and their activity skewed thrombin generation profiles. The unbalanced action of FVIIa was elucidated in a recent work of Mitrophanov and Reifman 7 (see also related work in Monroe 25 and Tanaka et al. 26 ). They found that, in the ''average'' subject, FVIIa primarily impacts CT, PT, and MS, whereas PH and AUC are affected much less. This result led the authors to suggest that, for certain pathologic conditions, FVIIa may not be able to restore all five parameters simultaneously and may result in higher-than-normal thrombin generation rates, which was indeed demonstrated in the current study for the case of dilution-induced coagulopathy. Moreover, here we detected a lack of balance for PCC-FVII, which modulated MS, PH, and AUC much more strongly than it did CT and PT, resulting in abnormally high posttreatment values of MS, PH, and AUC. These examples imply that therapeutics with unbalanced action, while providing a certain level of efficacy, may be intrinsically unsafe. It is therefore likely that thromboembolic adverse effects, whose possibility was reported for rFVIIa 27, 28 and PCCs with standard composition (based on PCC-FVII), 8, 9 may be attributed to their inherently unbalanced action on thrombin generation.
The limitations of this study are related to its computational nature and its focus on thrombin generation. The numerical model used in this study does not account for fibrin(ogen) and thus cannot be used to directly predict if hemostasis will be achieved. Yet, the generation of thrombin, which converts fibrinogen to fibrin, is a strong determinant of actual clot formation. 29 This process is accurately captured by the computational model. However, the model was originally developed to represent in vitro systems that do not contain the elements of the protein C anticoagulant system. 13, 18 Thus, our study does not address the effects of proteins C and S, which are present in some PCC formulations. 19 Another potential limitation stems from our use of blood dilution models based on healthy subject data. Indeed, a more accurate analysis would require the use of data obtained directly from trauma patients with dilution-induced coagulopathy. Moreover, coagulopathy in trauma patients might have a more complex nature than dilution-induced coagulopathy and involve such additional factors as hypothermia and acidosis. 2 Further research is warranted to extend our approach to provide a more comprehensive and in vivoYrelevant analysis of traumatic coagulopathy and to experimentally test our computational predictions.
The frequently used approach to treat dilution-induced coagulopathy is through the use of FFP. 3, 30 However, although all necessary coagulation proteins are present in FFP, they are diluted, cooled to subphysiological temperatures, and may be partially deactivated, which may decrease the therapeutic efficacy of FFP administration; blood-borne pathogens constitute another danger of FFP transfusions. 3 Because of their convenience in use, PCCs that rely on highly purified or recombinant proteins can be an attractive alternative to FFP, if they can provide the necessary level of efficacy and safety. Our computational results indicate that PCCs, whose main components are FII, FIX, FX, and AT, may become promising therapeutics to treat dilution-induced coagulopathy. 
